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Abstrac\

In order to model the lifetime of the clcctrochcmical  cell in an Alkali Metal Ilcrmal to Electric Comwtcr
(AMTEC), studies of TiN clcctrodcs  on fl’’-alumina  solid clcctroljtcs  (BASE) have been made to dctcrminc  the
pctiommnec  parameters over time. llc first of a series of cxpcrimcnts  in which TiN electrodes arc studied in a
Vapor Exposure Test Cell is dcscnbcd  here, with prelimina~  results from clcctrochcmiml  nwwrcmcnts  made
on the cell. The TiN clcctrodcs  tested here perform well. uitb minimal dcgradat  ion over 1000 hours of operation
at 850”C.

lNTRODUCT~

AMTEC, the Alkali Metal Thermal to Ekxtric  Converter. is a direct energy conversion dcvicc capable of ncar-
Carnot cfl”icicncics; it has been demonstrated to perform at high power densities, with open circuit voltages in
single clcctrochcmicd  WIIS up to 1.6 V and cummt  densities up to 2.0 ~cn12 (Wcbcr,  1974; Cole, 1983). As a
power system, Ah4TEC is expected to deliver 20-25 W/kg. ‘1’hc \vork  dcscribcd  in this paper is part of a study to
determine the suitability of Ah4TEC powr conversion in NASA’s X2000 spacecraft program for exploration of
the Solar System’s outer pkmcts.

An AMTEC cmvcrter  must have a lifetime of S-7 years to pro~tidc po~vcr for a mission to Europa and 13-15
years to provide power for a mission to Pluto. Previous work on modeling the Iifctimc  of AMTEC cells has
focused on the clcctrodc,  as it is tic  component most likely to degrade with time. This \vork extends our prwious
work in clcctrodc life modeling (Ryan et d., 1994) to include TiN clcctrodcs, w4~ich arc basclincd M the
ckxtrodcs  to be used in AMTECS for spaccmafl  applications. Work on characterizing the electrode will  also
fmus on other cdl components such m the current colkxticm  nct~vork  and the electrolyte; the work prwcntcd here
fwuscs on the electrode and on the current mllcction  nct}vork  and electrolyte to the mtcnt  that thcjr  influence
ckxtrodc  pcrformanw

PrwiouslJ,  several tests of 1000-3000 hours have been done to dctcrminc  the nature of change in Ah4TEC
components (Ryan et al., 1993, 1994). Components arc heated in sodium atmosphere and operated at
tcmpcratum at or above the normal operating tcmpcrat  arcs. Characterization of the physical and chemical
changes in the components then makes it possible to dctcrminc  acmlcrat  ion factors as raised tcmpcratu  rc. and
accclcratcd  testing can be init iatcd,  I%crc arc mtrict  ions on the tcmpcraturcs  to which cdl may bc raised
because the component with the Io\vcst melting point, in the cumnt design the metal-to-ceramic brax seal, will
dctcrminc  the mmimum  tcmpcraturc  at which the ccl] ma} be opcratcxl  To model overall lifetime, component
tests which do not include the brax  arc operated at significantly’ higher tcmpcraturcs.

Ilis  \vork includes the prcliminarj  analysis of clcctrochcmical  nwmwmcnts  made on 7’iN clcctrodcs  operated
at 8S00( o~w 950 hours in sodium atmosihcrc. Further analysis of the clcctrochcmical  mcasurwcnts  \vill bc
ncccssa~  fol- ulldcrstamding  of the operation of I’lN clcctrodcs.  in addition, morphological and chemical analysis



oft.hc electrodes and the clcctrol}~c  lvill bc done to cmrclatc  clcctrochcmical  pcrfonnam.c tvith morphological and
chemical changes

The understanding dcvclojxxi in the cxpurimnt  dcscribcd  hULI \sill  bc used to dckxminc accxkration  factors for
accclcratcd operation of AMTEC components. Accclcratcd  operation ~vill allow. prediction of the lifetime and
possible failurw mechanisms of AMTEC cells.

TiN ELECTRODE STUDIES

Titanium nitride clcctrodcs  have been extcnsivclj tested in Ah4TEC CCIIS, and have sbo~tm relatively high
poww densities and performance (Asakami C( al.. /990  and Sicvcrs et o).. 1993). A particular advantage
of TiN clcctrodcs has been prcsurncd  to bc its stabilit} against grain growth and material migration, and
thcrcforc  its potential for use in long-lived dcviccs.  There arc two t~~cs of TiN formulations used in statc-of-
the-art AMTECS, Sputtered TiN clcctrodcs  arc used on the low prcssLlrc  side of BASE as cathodes, and Wcbcr
process clcctrodcs  arc used on the high pressure side M anodes. The t~vo different t}’pcs were tested together in
a Vapor Exposure Test Cell (VETC) so their pcrfonnancc and grain growth characteristics could be
compared dircctl>.

~“hc VETC is a testing apparatus which allows the operation of clcctrodc materials as ttvo electrode cells
in alkali metal atmosphere. It is not a power producing CCII, as the clcctrodcs arc held in the same pressure
of sodium vapor. Elcctrodcs  arc deposited on BASE and contacted as they would bc in an AMTEK cell,
but arc operated as clcctrochcmical  CC1lS. gcncrall>’  potcntiostatically,  These cells arc not power-producing,
but potcntiostatic  operation allows extraction of clcctrodc and clcctrol}lc  performance parameters from
currmt  vs. voltage mcasurcmcnts  and from Elcctrochcmical  lmpcdancc  Spectroscopy (EIS).  It is a
rclatiwly  simple setup which allows clcctrodc testing without mounting an entire AMTEC experiment, and
has been dcscribcd in detail clselvhcrc  (Ryan el a)., 1993).

EXPERIMENTAL

Two samples of TiN deposited on BASE were provided by AMPS, ]nc. Onc type of TiN ~vas 1 ~m~ thick,
made by rcactivc  sputtering of titanium in a nitrogen atmosphere. The other type is a 20 pm thick TiN
electrode applied to the electrolyte as a slurry and fired aficr application; this material is commonly known
as a Webcr process elcctrodc. Both TiN clcctrodc types w’crc contacted ~vith molybdenum screens tied on
with molybdenum wire, and mounted on an a-alumina support inside a titanium tube, Molybdenum leads
were attached to the Mo scrccns, and brought to the outside of the containment. Thcrr-nocouplcs  were
at tachcd to the BASE tubes to record tcmpcrat  u re over the life of the cxpcrimcnt. The titanium tube was
placed in a stainless steel t ubc and scaled, The asscn~bl>  ~vas cvacuatcd  and baked at 300°C. When the
prmsurc held at <1 x 104 Pa. 10 g, of sodium were introduced to the ccl] and held in a pool at the cold end
of the stainless steel tube, The sodium lvas kept at a tcmpcraturc  ~vhich would provide sodium pressure
similar to that on the low pressure side of an AMTEC CCI1.  The temperature was controlled from 200 -
400”C with heating tapes.

The asscmbl}  ~vas heated to 850°C over a period of several days. During the heating process, EIS data
were taken. and \vi II bc used in the fut u rc to analyze BASE ionic conductivity as a function of tcrnpcraturc.
\Yhcn the electrode - clcctrol~lc asscmbl~ rcachcd 850(’C.  heating ivas sioppcd, The cell ~vas held at
tcmpcrat  urc for 950 hours. and iV cur-w and El S row-c rwcordcd  dailjr. Sodium tcrnpcrat u rc was varied
bcttvccn  200 and 400 “C in order to gain undcrstandlnp,  of the clcctrochcrnical  pmccsscs  influencing
clcctrodc pcrformancc,



RES[JLTS AND D1SCUSS1ON

Etcctmdc  performance parameters which can bc derived from the clcctrochcmical  data taken include R,C,.
the series resistance of the leads. current collector. clcctrodc and clcctrol~tc:  %,”. tllc contact mistancc
bctwccn  the current collector and the clcctrodc;  F&, the apparent charge transfix resistance at the clcctrodc
(sodium oxidation and reduction): B, the tcmpcraturc indcpcndcnt cxchangc current at the clcctrodc -
clcctrolJlc  intcrfacc,  and; G, the clcctrodc morphology factor. These parameters ha~’c been dcscribcd and
the derivation discussed in detail clscwhcrc (Williams, el (//., 1990).

Sputtered Electrodes
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Figure 1 shows an example of H S complex plane
(Nyquist)  plots  of the impcdancc mcasurcmcnts
bctwccn two sputtered clcctrodcs, taken after 2,
212 ,  and  735 hours at 850”C in  sod ium
attnosphcrc. Sodium tcmpcraturc  at these
mcasurcmcnts  ~vas -280°C,  which corresponds to
a pressure of -2 Pa. The scrlcs  rcslstancc,  R~c~,
can bc taken from the IOJV frequency intcrccpt of
the imaginan  component of the impcdancc
(Z(lm)) wi th  the  rea l  a~is (Z(Re)). This
rcprcscnts  the resistances in both elect rodcs.
Over a period of 735 hours. R,C,  incrcascd from 9
to 10.8 Q,

Z(Re) (f))

I-I GLJKE  1. Complex Plane };1S Plots of Sputkmd l;lectrodcs

The apparent charge transfer rcsistancc,  R,CL, is
the diffcrcncc  bcttvccn  the 10JV frequency and
high frequency intercepts of Z(lm) with the real
a x i s ,  Z(RC). R,,, rcprcscnts  primarily the
resistance to sodium oxidation and sodium ion
reduction in the clcctrochcmical  CCII. Over the

first 210 hours, R.., dccreascd from 4.5 Q to 3.1 Q, then incrcascd slightly during the next 500 hours to 3.4
Q The initial decrease in & is consistent with clcctrodc maturation, as has been found in several other
clcctrodcs (Ryan, et uI., 1991); the SIOJV incrcasc  after maturation is also consistent ~vith behavior found in
other electrodes. Further analysis of l&t data, and examination of the time dcpcndcrwc  of the change will
allow prediction of the rate at which I&t will incrcasc  ~vith t irnc.

Figure 2 shows  iV curves taken on the same clcctrodc pair and under conditions similar to the conditions
of the EIS data discussed above. These curves show very lit tlc limiting current as potential incrcascs. The
high potential region of the iV curve is the transport region, and anal~sis  of these curves allo~vs  calculation
of G, the nlorpholog~  factor. As the limiting current is dif?lcult  to dctcrminc from these CUWCS, onc can
draw the conclusion that transport in these clcctrodcs is Icn good. Previous cxpcrimcnts  Jvith TiN
clcctrodcs have showm G in the region of 50 - 100. Figure 3 shows  an iV curve taken at 590 hours at
higher sodium pressure (10 Pa); the curvature of the iV behavior makes it possible to extrapolate a limiting
cLlrrcnt:  the Gs calculated from the higher pressure sodium iV curves arc abcmt  50: ho~vcvcr. an
extrapolated cur-vc does not alwajs  give a reliable flgurc.  Further anal}sis  of the iV bcha~,ior  using, fitting
routines Ivill  bc ncccssa~’ to calculate a more reliable C;.
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F1GURE2. CLlrrcrlt I’s. \roltagc  CLlnfcs of Spllltcrcd FIGURE 3. Current vs. Voltage Cunrc of Sputtered
TiN Electrodes Operated at 850”C in 2 Pa sodium TiN EHcctrodc  Operated at 850°C in 8 Pa Sodium
Pressure. Pressure.

The exchange current may also be derived from iV curws  by calculating it from the slope of the curve at
the origin, Under AMTEC conditions, a tcrnpcraturc  indcpcndcnt  exchange current, B, has been defined;
this value  has not yet been computed for these clcctrodcs. At present, comparison of the slope of the iV
curve at similar conditions over time is a guide to changes in the exchange current, although other factors,
such as transport impedance ~vill influcncc  the slope. As can be seen in Figure 2, the slope of the iV curve
through the origin decreases slightly over time, indicating decrease in the exchange current. However, a
comparison of the slopes under similar conditions over 750 hours shows  10°/0 decrease in the first 300
hours, follo~3cd  by unchanged values for the follo~ving 600 hours.

Weber Electr~

Wcbcr process electrodes were studied in the same experiment using the same clcctrochcmical  techniques
used on sputtered clcctrodcs. As was found ~vith sputtered clcctrodcs,  Wcbcr process TiN electrodes are
vcn good performance clcctrodcs ~vith good transport behavior. These clcctrodcs arc 20 pm thick, and
show surprisingly good transport for such a thick material. FigLlrc  4 shows EIS Nyquist plots of two
Wcbcr electrodes operated under the same conditions as the sputtered electrodes dcscribcd above, 850°C at
the electrodes and a sodium pressure of 2 Pa.

R.Ct  in these clcctrodcs  is 0,8 Q in the beginning of the cxpcrimcnt to and increases to 2.6 Q at 735 hours.
This value is significant}’ smaller than the corresponding ~aluc in sputtered clcctrodcs, The thickness of
the Wcbcr clcctrodc. 20 pm, makes this small R.ct somewhat surprising, as sodium transport in the
electrode is not cxpcctcd to be as good in a thick clcctrodc as in a thin one, Howwcr,  examination of the
electrode before mounting the cxpcrimcnt sho~ved  several cracks in the TiN. which may serve as large
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pores for sodium transport, while. the thiclmcss  of the TiN maintains good electrical contact for low’
resistance to electron transport

R,,, in these elect rodcs is smaller than that in sputtered clcctrodcs, going from 6.2 f) in the beginning of
the cxpcrimcnt to 7.2 Q at 735 hours. This value for F&, is not sLlrprising,  as the clcctrodc is 20 pm thick
and so sheet resistance in the clcctrodc as WCI1  as contact resistance bctwccn the h40 scrccn and the
clcctrodc  will bc diminished compared ~vith those resistances in the 1 pm thick sputtered clcctrodc.

iV curves in Wcbcr clcctrodcs, shomm in Figure 5 cou id not bc analyzed for G, as limiting cLt rents were
not rcachcd,  The cun’c at 287 hours is done in Ioivcr  pressure sodium (2 Pa), while the 640 hour curve is
done in 8 Pa sodium. Ncvcrthclcss.  it ~vas not possible to extrapolate a limiting current at either sodiLlnl
pressure. 1.OIV G values indicated b~ this shape of the iV cL]rvc arc consistent lvith the low J& and the
possibility of cracks in the clcctrodc contributing to good sodium transport.
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(287 hrs.) and 8 l’a Sodium Pressure.

The slopes of the iV cun’cs at the origin, and thus the cxchangc current, show a somewhat different
pattern than that in the sputtered clcctrodcs.  There is the satnc  initial drop of some 10% in the first 300
hours, but rather than leveling off for the remaining 600 hours, the slopes in Wcbcr clcctrodcs continue to
drop. although at a somewhat diminished rate. This drop is consistent \vith the increasing Rat in Wcbcr

clcctrodcs.  in contrast to the much slotvcr  rate of incrcasc  in R2Ct in sputtered clcctrodcs.  The hysteresis in
the 640 hour cur-vc in Figure 5 indicates that there arc reactions in the electrode. As the slur~  deposited
TiN may contain other rnatcrials  besides titanium and nitrogen, it is not unlikely that there arc several
reactions taking place during opcrat ion, Post-cxpcrirncnt  clcmcntal  analysis of the elect rode may clucidatc
some of these proccsscs.



CONCLUSIOh~

Prclin~ina~  anal!sis  of clcctrockmical  data on sputtered and \Vcbcr process TiN electrodes shol~  them to
bc  vcr-y g o o d  clcctrodcs f o r  both tt~c an~dc  and tl~c call~od~  in AhlTE~ CCIIS  ~tICY SIIOW onk  10~0
degradation in slope  at the origin in iV curves, which  corresponds to similar dcclinc  in cxchangc current,
and they show sodium transport behavior consistent \vith Gs of - 50. Wcbcr clcctrodcs appear to degrade

longer than sputtered clcctrodcs,  but the rate ma> dccrcasc Ifith times longer than 1000 hours, as the 20 pm
thick electrode will ncccssarilj’  take much longer than the 1 pm thick sputtered electrode to matu rc under
AMTEC opcrat ing conditions.

Further analysis of the clcc[rochcmical  data taken in this cxpcrimcnt.  and correlation of those analyses
~vith chemical and morphological anal>scs ~vill bc used to dctcrminc conditions for accelerated testing to
chrcidatc and evaluate the reactions occurring at the electrode, the clcctrodc-clcctrol>tc  interface, and the
clcctrodc-current collector intcrfacc. Accelerated testing of components and single-tube AMTEC cells ~vill
be used to model the lifetime and degradation mechanisms of AhITEC cells.
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